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Abstract

The stability of embankment dams without an impermeable core depends on the
characteristics of the face slab that prevents internal erosion, piping and eventual collapse of
the structure. Under a Mediterranean climate, the impermeable asphaltic face slab is subjected
to high solar radiation and consequent temperature changes, which can generate the creation
of cracks and joints. The Medau Zirimilis dam, located in the Casteddu River (Sardinia), is an
embankment dam that has undergone seepage and continuous repairs in its asphalt face slab.
These reparations havwe been conducted because of the occurrence of cracks and relative
movement of different segments of the slab. To evaluate if seepage endangers the integrity of
the dam, GPR was used, with different antennas (100, 250 and 500 MHz), along its crest and
upstream and downstream faces, and the data were integrated with infrared thermographic
images. Although geophysical data do not show structural changes affecting the main dam
structure, deformation structures at shallow levels and in particular in the upstream face and
along the crest of the dam hawe been identified. Such deformation affects the road atop the
crest, the face slab and underlying levels, resulting in landslides that include material from
sewveral meters below the surface. The analysis permitted the identification of the origin of

surficial cracks and their effects on the face slab. These sectors, independent of current



movement, define the most unstable areas against water level changes that can affect the dam
integrity. GPR analysis at the embankments usually has the handicap of high clay content that
precludes electromagnetic wave penetration; however, in this case, the obtained resolution and
extent of penetration using the different antennas was sufficient, due to the absence of an inner
waterproof unit, and permitted the evaluation of the inner structure of the dam and the
application of GPR for construction quality surveillance, internal structural characterization and

dam monitoring.
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1. Introduction

Dam, levee and embankment stability depends upon the geological characteristics,
construction design and materials used, together with their interaction with water and the
hydraulic gradient on both sides of the structure. From a statistical point of view, the Icold
Bulletin stated in 2013 that between 1800 and 1986, 80 embankment dams failed during their
lifetime; 94% of failures were related to erosion and 6% to sliding or slope instability.
Middlebrooks (1952), for the period 1850-1950 in the United States, found that dam failure was
in 30% of the cases due to owertopping, whereas piping and upstream failure represented 25%
and 5% of cases, respectively. Failures with variable mechanisms represented 15% of total dam
failures, where slope protection damage is responsible for numerous dam incidents (Kollgaard
and Chadwick, 1988). These data indicate that the construction characteristics and the changes
occurring during dam development, especially as related to water level changes, hydraulic
pressure and modifications, are closely related to dam failures. In this sense, monitoring,
stability testing and continuous surwillance are needed to awoid undesirable or catastrophic
consequences (Costa and Schuster, 1988; Zhang and Chen, 2006; Boléwe et al., 2009; Loperte

et al., 2016).

Different approaches have been employed for the evaluation of the stability of dams, the
identification of their internal structure and potential changes that dams can undergo following
construction. Both direct and indirect approaches have been employed in dam monitoring

including the search for cavities, leakage zones and structural damage (e.g., Kocbay and Kilic,



2006; Sjodahl et al., 2008; Loperte et al., 2011; AalGamal et al.,2004; Xu et al., 2010; Loperte et

al., 2016)

2. The Medau Zirimilis Dam

The Medau Zirimilis Dam, located in the Casteddu River in southern Sardinia (Fig. 1a),
is an embankment dam constructed for irrigation and water supply. The dam is southwest of
Sardinia, at the transition area from the post-Hercynian materials and the metamorphic
Hercynian belts (external areas of the Hercynian orogen). The reservoir is atop metasandstones
and metapelites from the Middle-Upper Ordovician (Monte Argentu Fm; Funeda et al., 2009 Fig.
1b). The embankment abuts against these metamorphic rocks that present a mainly southward
dip (in the upstream direction). The regional materials are composed of metamorphic units
(mainly metasandstones and metapelites) and locally igneous rocks. The only unit with high
clay content is the fluvial flood plain that does not show significant dewvelopment. The limited
availability of impermeable materials led to the construction of a massive structure without a
waterproof core. The waterproof barrier is composed of an asphalt face slab that is the only
impervious element. The stability and correct functionality of the dam is therefore strongly
dependent on the waterproof structure that cowvers the upstream dam slope. The dam was
constructed using materials from the pediment and terrace lewels that were compacted to reach
internal friction angles between 37 and 40°. The dam was completed in 1991 with a capacity of
19 Hm3, a longitude of 480 m and a maximum height of 151 m asl, reaching 44 m from the
lower part of the reservoir. The waterproof barrier is a 46-cm-thick asphalt conglomerate that

includes a permeable internal level for drainage purposes.

Since its construction, loss of water through the dam or its abutments has been
continuous and has been detected in the boreholes downstream from the dam (Frongia, 2013).
As a consequence, detailed monitoring of the piezometric level surrounding the dam has been
conducted and its freeboard has increased. These conditions have motivated the structural
analysis of the dam considering the stability of the slab face. During the last several years, open
cracks and relative movement of the waterproof barrier, consisting of asphalt shingles, have
been identified. The origin of such problems can initially be attributed to construction problems,

incorrect materials or structural damage. The impenious slab was repaired and newly



reconstructed, but some years later, damage re-appeared. Because the critical element of the
dam is a single and relatively thin asphalt barrier, an analysis of the barrier was performed in
detail in this study. GPR has been used in dams and embankments for the identification of
cavities, erosion of waterproof clay layers and internal leakage (e.g., Seje et al., 1995; Xu et al.,

2010; Hui et al., 2011; Loperte al., 2011; Chlaib et al., 2014; Antoine et al., 2015).

GPR represents an interesting approach for the characterization of the impenious slab
and the detection of deformation affecting the shallowest constructed units. To evaluate these
features in the Medau Zirimilis Dam, a GPR campaign was conducted along its upstream face,
the dam crest, the berms at the downstream slope and its lateral sectors. The objectives of the
suney were to identify the presence of deformational structures inwlving construction materials
and denoting a post-construction modification, as well as to identify the origin of the sliding of
the asphalt slabs down the upstream dam side. Moreover, the objective of the survey was also
to evaluate if there was a correlation between the seepage and the identified problems in the

asphalt barrier of the dam.

A surficial analysis of the upstream slope shows cracks that can be ascribed to three
main groups (Fig. 2a): i) subvertical cracks perpendicular to the upstream slope (normal cracks)
related to the limits between asphalt tiles; in general, these hawe linear traces, or eventually
irregular trends between shingles, with differential relative movement (shear cracks: Fig. 2a), ii)
subhorizontal cracks, having interruptions or small steps at the intersection between shingles,
and defining small bulges or depressions; and iii) transwverse cracks, showing a vertical
component, that are less representative, usually affecting the asphalt layers and their limits.
Deformation of the slab surface can also be expressed without rupture, by means of slope
changes along the surface, topographical internal depressions between transverse and irregular
cracks, and non-linear trends between different asphalt laminae. Crack distribution highlights
the construction limits and indicates apparent differential movement between panels, as shown
by shear and transverse cracks pre- and post-dating the reparation of the upstream dam face

(see Fig. 2b for a comparative analysis between 2004 and 2013).

2. GPR surwey design, equipment and methodology.




GPR was conducted along three accessible sectors (Fig. 3): the crest of the dam, its
upstream slope covered by asphalt shingles and its downstream slope at three different berms.
The survey was completed with profiles along different near sectors including lateral dam zones
and over the roads to the west and southwest of the dam. In the constructive sectors and
following the expected technique of dam construction, GPR profiles should permit one to
identify homogeneous, subhorizontal disposition or shallow dipping reflectors in the subsoil. In
this sense, the survey was defined to identify non-horizontal or sharp lateral changes of
reflectors underground. Because of the topography of the survey zone, zones 1 and 3 were
surveyed along horizontal surfaces with a vertical propagation of GPR wawes into the dam
structure (Figs. 3 and 4). In the case of the upstream face, the surey was conducted along
constant-elevation profiles (Fig. 4c) but the GPR wave propagation is normal to the survey
surface, and the record shows an image of the dam structure at an angle with the vertical (Figs.
3 and 4c). Similar approaches have been previously employed in structures of this type (e.g., Di
Prinzio et al., 2010). In this manner, topographical correction of the profiles was not necessary,
and the objectives were focused on the identification of structural changes different from that

expected given the dam’s construction characteristics.

Because of the surficial characteristics of the surveyed zones and the objectives of the
suney, three different groups of GPR antennas were used as follows: (i) 100-, 250-, and 500-
MHz shielded antennas from RAMAC and a CUI-2 central unit along zone 1, (ii) 250 MHz in
zone 2, (iii) 100 MHz in zone 3, and (iv) 100 MHz surrounding the dam and along the adjacent
roads and lateral dams. Surwey objectives were defined to evaluate non-horizontal reflectors or
progressive changes that could denote post-constructive modifications or irregular trends that
could suggest a subsidence process during or following the different construction phases. The
surneyed zones were defined according to their accessibility and potential to evaluate the
structure and dam characteristics. Zone 1 was used as a survey pilot zone (Fig. 4a and b) to
evaluate the depth penetration of the GPR waves and the configuration. The homogeneous
distribution of reflectors at the 100-MHz radargrams suggested focusing the analysis in the 250-
MHz frequency for subsequent survey in the upstream sector where survey conditions were

more difficult for low-frequency antennas. In the case of the downstream sector and the lateral



profiles (Fig. 4c and d), a surey was performed using the 100-MHz antenna to identify

accommodation features related to syn- and post-construction modifications.

Processing consisted in the filtering of range frequencies, gain (linear and exponential,
in some cases reaching wave saturation to maximize reflector change identification), running
average for smoothing GPR-profiles, and subtracted mean trace to increase the identification of
non-horizontal changes and reflectors. The complete surwey consisted of more than 8.8 km of
linear profiles (Fig. 4a). According to changes found in the subsoil in Zone 1, the surwey
configuration for the detailed and systematic surwey in this sector showed penetrations of 2 m
for 500 MHz and 4 m for 250 MHz. In the case of the downstream sector and the road
surrounding the dam, the 100 MHz antenna reached a depth of 10 m. In all cases, a higher
penetration was obtained using a 1024 sampling routine, resulting in an increase in the number
of samples and depth penetration; the resolution did not diminish due to the surwey

configuration change (see Table 1 for configuration characteristics).

4. GPR results

Data obtained in zone 1 (the upper part of Fig. 5a and b: 500 MHz), over the crest of the
dam, show irregular reflector trends, with depth variations, tilting and changes in the thickness
of the uppermost, more reflective unit. This result differs from the expected structure having
homogeneous layers. In some cases, changes in the thickness of the upper units exceeded 1 m
(Fig. 5a and b), or tilted reflectors or non-horizontal geometries were identified below this depth.
The general trends of these changes along the crest are (i) a progressive increase in thickness
of the upper unit in the western abutment (Fig. 5a), showing irregularities at approximately 2 m
depth, (ii) a sudden decrease in thickness of the shallowest unit at 275 m (Fig. 5b: 250 MHz),
defining a relative high, and again a concave-upwards geometry between this position and 450
m. At approximately 2 m in depth, a subhorizontal reflector, parallel to the surface, was found,
indicating that the described structural changes only affect the upper part of the structure. This
supports the identification of surficial structural changes that do not respond to propagation from

deeper levels of the dam.

Along the upstream slope (zone 2; lower part of Fig. 5, a, b and Fig. 5 c: 250 MHz)

different profiles ower the asphalt shingles were conducted to identify its structure and the



underground dam characteristics. The construction of the dam was completed in layers
between 0.5 and 0.8 m in thickness, indicating that such intervals should be dependent on the
constructive characteristics and reparations of the face slab. Howewer, the non-horizontal
reflectors below the asphalt layers indicate a deeper inwlved thickness. These geometrical
changes inwlve, for certain sectors, a thickness between 2 to 3 m (Fig. 5¢; 250 MHz), which is
above the expected thickness for the asphalt slab. The thickness or depth of non-horizontal
reflectors is higher in the upper part of the dam face than in its lower part. Therefore, similar
structural changes can be identified along the whole dam side but at different depths. In
addition, some isolated hyperbolic anomalies separating the GPR domains (defined by different
penetration, definition of reflectors, banded distribution or reflectivity) were identified. Such
anomalies were, in general, systematic and can be correlated between different profiles at the
same positions. Apart from these structural changes, thickness changes of the non-horizontal
sectors define the domains separated by these hyperbolic anomalies, while in other cases,
structural changes, e.g., plane-concave geometries, extend over the limits between the

domains.

The surwey along the downstream face did not show significant changes (Fig. 6; 100
MHz). In general, homogeneous or progressive thickness changes in the reflective upper unit or
horizontal and progressive tilted reflectors were identified. A similar thickness, ranging from 6 to
9 m, was interpreted along the upper and intermediate profiles, with a lower penetration
occurring when approaching the natural materials below the dam. At the abutments, the upper
constructive levels show a more homogeneous pattern and do not define geometries liable to

be interpreted in terms of sudden changes in thickness or tilted reflectors.

5. Infrared thermographic analysis

In parallel to the analysis of the GPR surwey, infrared thermography was conducted to
evaluate the internal structure of the upper layers of the upstream side of the dam. Photographs
were taken using an NEC TH9260 camera with a resolution of 0.06°C. This analysis can be
performed during the early morning or during the last hours of diurnal insolation to measure the
temperature of different materials related to the different thermal behavior of surficial and near-

surface materials. The performed analysis was conducted during the last hours of the day along



the upstream side of the dam (Fig. 7) to identify thermal changes in the asphalt layers or
underlying units. Obtained results permitted us to identify two groups of linear thermal
anomalies, one parallel to the main slope of the dam surface and a second that is perpendicular
(horizontal). This distribution is interrupted at certain sectors where the parallelism disappears
and irregular trends can be identified. These trends correlate in general with the surficial limits
identified during the inspection and with the hyperbolic anomalies with a direct correlation

between profiles identified using the GPR.

6. Discussion

GPR results permitted us to identify, in a general, i) a sector below the dam crest with
horizontal or progressively changing reflectors in most surficial units (at least in the first 2 m); ii)
geometrical changes on the upstream side that progress below the expected depth for the
waterproof structure, inwlving both horizontal (thickness and anomalies individualizing different
sectors) and vertical (higher involved thickness in the upper part with respect to that of the lower
part) distribution; and iii) homogeneous trends without significant changes along the

downstream side and the lateral sectors of the dam.

To evaluate the correlation among the identified changes, anomalies and their
distribution, an integrated analysis of the different obtained profiles was conducted. The
objective of this analysis was to evaluate the position of the lower limit for irregular trends, tilted
reflectors or interruption of layers. The analysis was performed by picking up the position of the
lower limit of the non-horizontal areas from the different profiles, especially the 250-MHz
profiles, that were the most systematically performed. A model of the correlation of the identified
limits along the different profiles from survey zones 1 and 3 was completed to evaluate the
degree of correlation between the profiles and their potential correlation with the identified
cracks and problems affecting the asphalt layers. On the one hand, it seems that the systematic
group of the hyperbolic anomalies identified in the radargrams with a direct correlation between
profiles can be ascribed to the construction limits of the impenious slabs (Fig. 8) that were also
identified during the thermographic analysis (Fig. 7). The comparison between the surficial
movements and cracks to the underground structure shows that the sectors showing the

strongest structural changes in the GPR profiles (Fig. 9) correlate with the sectors where higher



surficial movements were detected. The thickness distribution of the inwolved materials and
non-horizontal reflectors coincide with a stronger deformation of asphalt laminae. This
correlation substantiates that the surficial movements inwlve a greater thickness than the
asphalt layers and include materials of the dam structure itself. The same methodology of
correlation between profiles was also applied for the upper part of the dam (crest), although in
this sector, there is no evidence of cracks affecting the survey zone. Howewer, this analysis can
permit the direct comparison of the underground structure along the crest and the upstream

face (Fig. 9).

The described geophysical changes have been identified in a damaged face slab where
open cracks with vertical (following the expected construction limits), horizontal or tangential
orientation define downslope irregular movements of the asphalt laminae. Moreower, in some
cases, the displacements are not homogeneous and present an apparent decrease from top to

bottom along the upstream slope.

In the case of the dam crest, the thickness of the series with non-horizontal geometries
increases at its southern boundary (near the upstream crest border). In the upstream face,
sectors of greater thickness changes were identified at the upper part of the dam slope, with an
irregular distribution; these results imply that a correlation of thickness changes can be
established between the upstream and downstream dam shoulders. The presence of isolated
hyperbolic anomalies, interpreted as construction limits, permits their correlation by thickness
changes, providing an anisotropic pattern of the near-surface construction units separated by
sub-vertical contacts. These changes can be correlated longitudinally (Fig. 9), with (i) an
increase in thickness in the western sector that was identified both at the crest and at the
southern side; (ii) a lower inwlved thickness in the central zone of the dam, including its
southern side; and (iii) an increase towards the eastern sector that again is observed in both

shoulders.

The limits of thickness changes along the southern sector of the dam show a general
correlation with the open cracks and relative movements between asphalt laminae. The highest
density of cracks indicates the strongest relative movement of asphalt laminae. Sectors with a

smaller thickness of the non-horizontal unit identified in the GPR model usually have less



dewvelopment of cracks, or at least, less relative movement. Howewer, in many cases, the
anisotropy related to the limits between the laminae and their relative movement does not allow
establishment of a clear correlation between the two variables. In these cases, the thickness
changes owercome the limits of the individual laminae and can produce their internal
deformation (this was identified in the description of the different cracks, the photographs from
the present day and the thermographic images) implying that the origin of the movement is

below the asphalt layers and cuts through the construction limits.

The safety of the studied dam, without an impermeable core, lies on the impenious slab
that covers its southern upstream slope. The identification of structural deformation at the
shallowest lewels indicates the instability of such units during, at least, the last phases of
construction. Although the relationship between these changes and seepage at present is not
straightforward, the correlation of the inwlved changes in thickness along the crest and the
upper part of the upstream sector, and the identification of open cracks allowing down-dip
movement of the asphalt layers, defines incipient deformation of the waterproof barrier.
Moreover, the described deformation affects the impervious barrier and the underlying units, but

there are no evident correlations with the known seepage in the area.

The geometrical changes identified in the GPR profiles and compared to the surficial
data differ from the expected horizontal geometry and can be related to deformation affecting
such lewvels that, at least within the reached depth, only inwlve the face slab and not the main
dam body. In this sense, the geometrical changes and their distribution depict geometries more
compatible with landslides that inwolve both the waterproof asphalt layers and the underlying
materials along the southern sector and the crest of the dam. These results imply that the
problem of the stability of the slopes and crest cannot be solved by only repairing the asphalt
slab. Evaluation of these features is needed to prevent dam failure. An increase in the reservoir
water level will saturate these features, affecting the stability of the southern side of the dam,

and triggering shallow landslides.

Structural changes without evidence of vertical movement along the dam crest does not
allow a straightforward interpretation, because such deformation does not apparently affect the

suney surface. These features can be related to deformation processes in underground layers
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without progression after crest completion. Unfortunately, there is not a record of this type of
event during dam construction. Another possible interpretation is that deformation progresses
independently in the lower lewvels below the rigid concrete structures along the crest. This
correlation and the present-day movements identified along the upstream slope, support, with
independence of the interaction between both dam slopes, the existence of anisotropies that will
produce non-homogeneous behavior of the dam and probably the development of preferential
flow paths and landslides. The origin of the process of subsidence during dam construction is
unknown, but they can tentatively be related to weathering of units between the main dam
structure and the cover due to differential behavior of the inwolved materials. Problems related
to the propagation of desiccation cracks before the installation of the impermeable layers hawe
been documented in embankment dams (e.g., Konrad and Ayad, 1997; Style et al., 2010: Jones
et al., 2014), generating flow paths through these upper materials (Cooling and Marsland, 1954)
or sliding surfaces along the shallower units. This feature, although only inwlving the upper

surficial units, is relevant, because it is directly related to the impenious asphalt slab.

Sunweillance, monitoring, evaluation and integrity characterization of the waterproof
surficial barrier are necessary to guarantee the safety of the Medau Zirimilis Dam because most
of the surveyed zones along the upstream slope are below the design lewvel. This defines a
complex situation due to the instability of the upstream slope and the upper part of the dam. A
scenario of generalized seepage through the described limits and the triggering of landslides on
the asphalt slab would produce circulation of water through the dam that, because of the
pressure changes on both sides and existing anisotropies, could lead to erosion, piping and
subsequent collapse of the structure. These features, as described in the introduction, are the
most common conditions of embankment dam failures that can progress in a fast manner with

significant consequences downstream.

The increase in embankment structures and the use of surficial hydrogeological barriers
vs. the classical solution of impervious cores has increased recently because of construction in
areas without suitable materials for more traditional dam construction designs (e.g., USDI;
2012). The usual handicap for penetration of GPR wawves is awided in this new type of
structure, due to the absence of a clay core. This enhances GPR availability for the evaluation

both of quality emplacement control or characterization of underground materials. Nevertheless,
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even if GPR is sensitive to water content, the obtained results do not permit one to identify
seepage areas in the studied structure, although an indirect evaluation considering the affected
and non-affected areas from the dam can be established. This dynamic suggests that the used
method can permit one to discard seepage as affecting, at this moment, the surveyed areas but

highlights the presence of unstable sectors in the surficial barrier that require monitoring.

7. Conclusions.

The safety and erosion protection of embankment dams without impermeable cores lie
in the impenvious face slab. The use of an asphalt slab, that can initially be a good solution, has
some drawbacks because of its near-surface position, changes in properties with respect to
underground materials and interaction with solar radiation. These factors can contribute to
undermining its continuity and impermeable behavior. In the case of the Medau Zrimilis Dam,
seepage and water losses have led to an increase in the freeboard and a diminished reservoir
capacity to prevent its failure. Successive reparations have been needed to repair open cracks
and correct relative movements between the asphalt laminae in its upstream face. GPR
evaluation of accessible sectors of the dam has permitted the determination that in sectors that
are affected by cracks and relative movements between asphalt layers, the involved thickness
supersedes the asphalt layers. The distribution of these affected wlumes is interpreted in terms
of surficial landslides that affect both the crest and upstream slope, indicating incipient instability
of the slab. The distribution of these landslides in the proximities of the maximum allowed water
level can represent an imminent hazard if these deformations are not completely repaired. This
type of evaluation, integrating traditional data and thermography with GPR, can permit the
interpretation of the actual origin of the problems This interpretation allows one to focus on the
needed reparations to awid future problems, which due to the intrinsic construction

characteristics, can affect dam stability.
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Figure 1. (a) Location of the Medau Zirimilis Dam and reserwoir in Sardinia. (b) Geological map

from the studied zone (modified from Funeda et al., 2009).

Figure 2. a) Photographs from the studied zone showing deformation and cracks along the dam
slope. b) Photographs from 2004 and 2013, taken before and after the last reparation, are

included where cracks can be identified.

Figure 3. Conceptual sketch of the analyzed dam. The different surwey zones, the used
terminology and the theoretical GPR rays are included. Note that vertical scale has been

exaggerated for illustration.

Figure 4. (a) Location of the GPR profiles (see Table 1 for characteristics); b) photographs from
the studied zone during the geophysical surwey for survey zone 1 ower the dam, and b) at

suney zone 2 along the upstream slope.

Figure 5. a) GPR profiles over the crest and upstream zones (see photograph for location). In
the profiles, reference to the structural changes, interruption of the expected horizontal
distribution and net interruptions are marked by arrows. Coincident profiles for 250 and 500
MHz are shown. b) Detailed view of profiles included in (a) and made with 250- and 500-MHz
antennas are shown. Net changes, structural variations, and thickness changes of most surficial
units can be identified. Meters reference from (b) is the same as that in (a) where the profile
location is marked by an arrow. c) Complete profile along the lower part of the dam where net
interruptions related to the construction characteristics and changes of structure, thickness and
dip of reflectors can be identified along the 250-MHz profile. The profile location is marked in
(a). Note that changes are in many cases limited by net hyperbolic anomalies that present a

correlation between profiles and are interpreted in terms of limits between asphalt layers.

Figure 6. GPR profiles conducted along the downstream slope at different heights along the
construction berms. A photograph with the location of the profiles is also included. All the

profiles were conducted using 100-MHz antennas.
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Figure 7. - Thermographic photographs from different sectors of the dam.

Figure 8. Model of inwlved thickness of deformed units along the crest and upstream slope of
the dam obtained from the integration of the different profiles (a photograph with the location of
the studied sectors is also included). In the model deweloped over the asphalt slab, hyperbolic
anomalies with a direct correlation between profiles and the surficial identified cracks are

shown.

Figure 9. Oblique models showing a correlation of deformed sectors identified in the GPR
profiles at the crest and upstream slope. Isolated anomalies with lateral correlation and cracks
identified in the asphalt are also included. Note that the cracks are drawn using the most recent

aerial photograph in the area (2013) after repairing and reconstruction.

Table 1. Summary of the characteristics and the location of the GPR profiles conducted in this

study.

#profile| Cf survey | TWT(ns);samples| Depth Survey zone
(1) 100 | 485.25| 1254 (1024) 60.86 [(1) Dam top
(2) 100 | 483.26| 497 (1024) 2416 |[(1) Dam top
(3) 100 | 484.77| 497 (1024) 2416 |(1) Dam top
(4) 100 | 484.08| 497 (1024) 2416 |(1) Dam top
(5) 100 377.73| 1277 (1024) 94.65 |(1) Western access road
(6) 100 383.21| 757 (1024) 96.3 (1) Western access road
(7) 100 363.01| 757 (1024) 96.3 (1) Western access road
(8) 100 337.82| 757 (1024) 96.3 (1) Western access road
(9) 100 405.79| 757 (1024) 96.3 (1) Western access road
(10) 100 315.77| 733 (1024) 34.99 |(3) Downstream (upper
(11) 100 329.24 | 473 (1024) 55.45 |(3) Downstream (upper
(12) 100 237.26| 473 (1024) 55.45 |(3) Downstream (lower
(13) 100 241.61| 757 (1024) 96.3 (3) Downstream (lower
(14) 100 144.61| 497 (1024) 2416 | (3) Downstream valley
(15) 100 139.68| 237 (1024) 11.55 |[(3) Downstream valley
(16) 100 2716 | 237 (1024) 11.55 |(3) Downstream valley
(17)| 250 | 484.49| 449 (1024) 21.83 |(1) Dam top
(18)[ 250 | 479.5 | 189 (1024) 9.23 (1) Dam top
(19) 500 | 480.66| 189 (1024) 9.05 (1) Dam top
(20) 500 | 481.76| 104 (1024) 4.97 (1) Dam top
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(21) 250 111.25| 189 (1024) 9.08 (2) Upstream level 1
(22) 250 332.25| 189 (1024) 9.08 (2) Upstream level 1
(23) 250 | 438.66| 189 (1024) 9.08 (2) Upstream level 2
(24) 250 399.01| 189 (1024) 9.08 (2) Upstream level 3
(25) 250 384.08| 189 (1024) 9.08 (2) Upstream water level

Figure 1
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Figure 9

Highlights
o GPR analysis of the surficial structure of an embankment dam.
e Surficial slides affecting to asphalt singles at the face dam slab.

e GPR as a quality control technique or periodical monitoring survey.
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